1. The effect of disulfiram on the activity of the cytoplasmic and mitochondrial aldehyde dehydrogenases of sheep liver was studied. 2. Disulfiram causes an immediate inhibition of the enzyme reaction. The effect on the cytoplasmic enzyme is much greater than on the mitochondrial enzyme. 3. In both cases, the initial partial inhibition is followed by a gradual irreversible loss of activity. 4. The pH-rate profile of the inactivation of the mitochondrial enzyme by disulfiram and the pH-dependence of the maximum velocity of the enzyme-catalysed reaction are both consistent with the involvement of a thiol group. 5. Excess of 2-mercaptoethanol or GSH abolishes the effect of disulfiram. However, equimolar amounts of either of these reagents and disulfiram cause an effect greater than does disulfiram alone. It was shown that the mixed disulphide, Et2N-CS-SS-CH2--CH2OH, strongly inhibits aldehyde dehydrogenase. 6. The inhibitory effect of diethyldithiocarbamate in vitro is due mainly to contamination by disulfiram.
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Disulfiram (tetraethylthiuram disulphide, Antabuse) is used in the treatment of alcoholism by 'aversion therapy', since the ingestion of alcohol after the administration of disulfiram results in very unpleasant symptoms . This action is attributed to the inhibition of aldehyde dehydrogenase and subsequent accumulation of acetaldehyde Truitt & Duritz, 1967) . Previous reports (Graham, 1951; Deitrich & Hellerman, 1963) have claimed that disulfiram is a competitive inhibitor of aldehyde dehydrogenase with respect to NAD+, and either non-competitive or uncompetitive with respect to the aldehyde substrate. Stromme (1963) , however, has discussed the inactivation of hexokinase and other glycolytic enzymes by disulfiram in terms of the blocking of essential thiol groups through mixed-disulphide formation. This mode of action was proved with D-amino acid oxidase (Neims et al., 1966b) , and radioactively labelled disulfiram has been introduced as a sensitive, specific and convenient reagent for the determination of protein thiol groups (Neims et al., 1966a) .
It is probable that aldehyde dehydrogenase also has an essential thiol group (Blair & Bodley, 1969; Rutledge & Deitrich, 1971; Duncan & Tipton, 1971) . It appeared therefore that the action of disulfiram on this enzyme warranted further study. The present paper describes the effect of disulfiram on the cytoplasmic and mitochondrial aldehyde dehydrogenases which have been isolated from sheep liver in this laboratory (Crow et al., 1974) . The effect of diethyldithiocarbamate, to which disulfiram is rapidly and completely reduced in vivo (Stromme, 1965) , was also investigated. Vol 
Methods
The cytoplasmic and mitochondrial aldehyde dehydrogenases of sheep liver were prepared separately as previously described (Crow et al., 1974) . Before use the enzyme solutions were thoroughly dialysed to remove 2-mercaptoethanol. Enzyme activity was assayed by continuously following the increase in E340 caused by the production of NADH for up to 20min at 20°C. Final concentrations in the assay system were 33mm-sodium pyrophosphate buffer, pH9.3, 1.67mM-NAD+ and 1.67mM-acetaldehyde. When desired, 2-mercaptoethanol, GSH and diethyldithiocarbamate (all in water) and disulfiram (in ethanol) were added as 0.1ml portions; 0.1ml of water or ethanol was added to the corresponding control assays. The final volume was 3 ml. The enzyme (a 0.1 ml portion) was added last to the assay mixture. Activity is expressed in international units (pmol of NADH produced/min).
In the experiment to determine if the inhibition caused by disulfiram is reversed by dialysis, reaction mixtures were made up as follows: 1 ml of water, 0.4ml of 0.1M-pyrophosphate buffer, pH9.3, 0.5ml of mitochondrial enzyme, 0.1ml of disulfiram in propylene glycol such that the final concentration of disulfiram was 0.1 mm. The control solutions contained propylene glycol, but no disulfiram. After 4h at 0-4°C, 0.1 ml portions were taken from the reaction mixtures and assayed for aldehyde dehydrogenase activity as described above. The reaction mixtures were then separately dialysed in the cold against four changes of a large volume of 5mM-potassium phosphate buffer, pH7.3, 1 % (v/v) in propylene glycol, and subsequently re-assayed.
The pH-dependence of the inactivation of mitochondrial aldehyde dehydrogenase by disulfiram was determined bytreatingtheenzymewithdisulfiram (0.2mM) at 25°C over a range of pH values for a period of 20-30min. Barbital (veronal) buffers (50mM) were used and were prepared by standard procedures (Gomori, 1955) . Samples (0.1 ml) of these reaction mixtures were taken every 3 or 4min and assayed for activity in the usual way. The logarithm of the remaining activity was plotted against time, and the slopes of the resulting straight lines were plotted against pH. (The data were corrected for the small spontaneous loss of activity which occurred under similar conditions in the absence of disulfiram.)
The pH-dependence of the enzyme-catalysed reaction was determined as follows. LineweaverBurk plots were constructed showing the variation of rate of reaction with NAD+ concentration at a constant saturating concentration of acetaldehyde (0.833 mM) over a range of pH values at 25°C. Values of maximum velocity were determined from these graphs and plotted against pH. Similar experiments were performed at constant NAD+ concentration (1.67mM) by varying the concentration of DL-glyceraldehyde as substrate.
(Acetaldehyde itself has an inconveniently low Km for this purpose.)
Standard deviations were calculated from an unweighted least-squares analysis of the data (Youden, 1951) .
Results and Discussion Effect of disulfiram on mitochondrial aldehyde dehydrogenase
The inhibition of sheep liver mitochondrial aldehyde dehydrogenase by disulfiram in the presence of various concentrations of 2-mercaptoethanol and GSH is shown by the data presented in Table 1 . For each experiment in the presence of disulfiram, the initial rate (measured as described above) is expressed as a percentage of the rate of the control assay. In the presence of disulfiram, and when 2-mercaptoethanol was not in excess, the rate of production of NADH was not constant, but decreased with time. This is illustrated in by recording the decrease in rate over a period of 20min, expressed as a percentage of the initial inhibited rate. (The rate of the control assays remained constant for at least 20min.) Thus, for example, in the presence of O.1mM-disulfiram and in the absence of 2-mercaptoethanol, the initial rate of the enzyme reaction is 81-91 % of the control containing no disulfiram, and this rate decreases to approximately one-half its original value over a period of 20min. Similar but quantitatively smaller effects are observed with 0.01mm-disulfiram. These results suggest that a chemical reaction is occurring between disulfiram and the enzyme, since any simple non-covalent inhibitory action would be expected to be instantaneous. (The latter process would of course explain the small initial effect on the rate of reaction.)
To determine the reversibility of the inhibitory process, the dialysis experiment described under 'Methods' was performed. In contrast with a similar experiment by Deitrich & Hellerman (1963) , in which large losses of total enzyme activity obviated any definite conclusions, the present experiment (see Table 2 ) shows quite clearly that removal of disulfiram by dialysis does not restore the activity of the enzyme. (Indeed, the activity of the inhibited enzyme samples is lower after dialysis than before, presumably owing to the continued action of significant concentrations of disulfiram during the first stages of dialysis.) This supports the conclusion that a covalent interaction is involved in the lowering of enzyme activity and suggests that aldehyde dehydrogenase, like the other enzymes referred to in the introduction (Stromme, 1963 (Fan & Plaut, 1974) ]. Fig. 1 shows that the pH-dependence of the pseudo-first-order rate constant for the inactivation of mitochondrial aldehyde dehydrogenase by disulfiram shows a point of inflexion at pH8.7, which is close to the range (8.8-9.1) expected for the pK0 of a protein thiol group (Bernhard, 1968 ). The curve is closely similar to that obtained for the pH-dependence of the maximum velocity of the enzyme-catalysed reaction (Fig. 2) . Consequently, it is tempting to suggest that both the catalytic activity of the enzyme and the inactivation by disulfiram involve the same thiol group at the enzyme's active site. However, other factors (such as conformational changes of the enzyme) cannot be discounted as possible causes of the observed pH-dependence.
Early in this work it was discovered that the presence of traces of 2-mercaptoethanol (added as a routine to the enzyme preparations as a stabilizer against oxidation) caused anomalous results. Accordingly, all results reported here were obtained with enzyme which had been thoroughly dialysed beforehand to remove 2-mercaptoethanol. It is known that GSH is capable of reducing disulfiram completely to diethyldithiocarbamate (Johnston, 1953; Deitrich & Hellerman, 1963 ) and the present results show that 2-mercaptoethanol also has this property. Immediately after mixing solutions of disulfiram and 2-mercaptoethanol, the characteristic double peak in the u.v. spectrum of diethyldithiocarbamate (Koch, 1949) may be observed (iAma.. 257 and 281 nm). Further, the presence of a twofold, or greater, molar excess of 2-mercaptoethanol over disulfiram completely eliminates the ability of the latter compound to inhibit aldehyde dehydrogenase (see Table 1 ). These data also indirectly show that the products of the reaction, diethyldithiocarbamate and HOCH2-CH2-SS-CH2-CH20H, have no effect on the mitochondrial enzyme.
It was decided to determine the effect of an equimolar proportion of 2-mercaptoethanol on the inhibitory effect of disulfiram, since under these conditions one of the following situations would obtain: (1) the conversion of one-half of the disulfiram present completely into diethyldithiocarbamate; (2) the conversion of all the disulfiram into equimolar amounts of diethyldithiocarbamate and the mixed-disulphide compound, Et2N-CS-SS-CH2-CH20H; (3) some situation intermediate between the previous two extremes. The first possibility may be excluded, since this cannot explain the much greater effect of a given concentration of disulfiram in the presence of an equimolar concentration of 2-mercaptoethanol, compared with the effect in the absence of2-mercaptoethanol (Table 1) . For instance, the initial rate in the presence of 0. mM-disulfiram-O.1 mM-2-mercaptoethanol is 17-29 % of the control, whereas with 0.1 mM-sulfiram alone it is 81-91 %. Hence, under these conditions, at least some of the mixed disulphide must be formed. An authentic sample of this compound was synthesized and indeed proved to have a powerful inhibitory action (Table 3) . As expected, its effect is abolished by excess of 2-mercaptoethanol.
The effect of GSH on the inhibition produced by disulfiram parallels that of 2-mercaptoethanol (Table 1) . A twofold excess of GSH destroys the disulfiram, whereas an equimolar concentration results in an inhibitory effect greater than in the presence of disulfiram alone, though not as great as that caused by equimolar amounts of 2-mercaptoethanol and disulfiram.
Effect of disulfiram on cytoplasmic aldehyde dehydrogenase
Comparison of the data in Tables 1 and 4 shows that a given concentration of disulfiram causes a much larger initial diminution in the activity of the cytoplasmic enzyme than in that of the mitochondrial enzyme. Where tested, the cytoplasmic enzyme also shows a time-dependent loss of activity, similar to that discussed above for the mitochondrial enzyme. It appears therefore that disulfiram may initially bind to and inhibit the cytoplasmic enzyme much more Table 3 . Effect of Et2N-CS-SS-CH2-CH20H on sheep liver mitochondrial aldehyde dehydrogenase Conditions were as described in Table 1 . (Graham, 1951; Deitrich & Hellerman, 1963 ) that disulfiram acts merely as a reversible inhibitor of aldehyde dehydrogenase, competitive with NAD+. If, in the studies referred to, the effect of disulfiram was followed in each experiment for only a few minutes, the gradual loss of activity over a relatively long period of time would be missed. This would be especially likely if the enzyme preparations used by Graham (1951) and Deitrich & Hellerman (1963) [the intracellular origins of which were not determined] resembled the cytoplasmic enzyme studied here, with which the initial inhibitory effect is particularly pronounced compared with the subsequent inactivating process. It is noteworthy that in their investigation of the effect of disulfiram on D-amino acid oxidase, Neims et al. (1966b) observe that 'although the inhibitory process is irreversible, curves reminiscent of those obtained with reversible competitive inhibitors were derived when the preincubation time was short'.
As shown in Table 4 , the rate in the presence of disulfiram and excess of 2-mercaptoethanol is lower than the blank rate, suggesting that diethyldithiocarbamate may inhibit the cytoplasmic enzyme.
contamination of the diethyldithiocarbamate used in these experiments by its oxidation product, disulfiram. Mass-spectral analysis showed this to be the case.
An alternative explanation (to inhibition by diethyldithiocarbamate) for the low activity of the cytoplasmic enzyme in the presence of a twofold excess of 2-mercaptoethanol over disulfiram (Table 4) would be provided by the molar ratio of these compounds being, by experimental error, slightly less than 2:1. A very small residual concentration of disulfiram would then be sufficient to account for the inhibition observed.
Diethyldithiocarbamate has a slight inhibitory effect on the cytoplasmic enzyme even in the presence of 2-mercaptoethanol (Table 5 ). One might speculate that this is due to the metal-chelating properties of diethyldithiocarbamate; a Zn2+ ion has been reported to be present in aldehyde dehydrogenase (Stoppani et al., 1966) . Table 5 shows that the mitochondrial enzyme is not affected by diethyldithiocarbamate, a result already deduced indirectly from the effect of disulfiram and excess of 2-mercaptoethanol ( Table 1) . As expected, the amount of disulfiram impurity in diethyldithiocarbamate (estimated to be less than 1 % from its effect on the cytoplasmic enzyme) is too low to affect the relatively insensitive mitochondrial enzyme.
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